ABSTRACT Experiments conÞrmed that female Pseudococcus longispinus (Targioni Tozzetti), Pseudococcus viburni (Signoret), and Planococcus ficus Signoret (Hemiptera: Pseudococcidae) must mate to produce viable offspring. Females of all three species were capable of mating multiple times on the same day and on sequential days (range, 1Ð 8 times). Female reproductive output was not increased by multiple copulations. Male P. longispinus, P. viburni, and P. ficus also mated multiple times during their lifetimes (maximum of 9, 11, and 19 times, respectively). Male P. ficus had the highest mean number of copulations (9.6 Ϯ 0.6), followed by P. longispinus and P. viburni. More than half of the P. ficus males survived their Þrst day of copulations and remated the next day when presented with unmated females. P. viburni males also readily mated with unmated females on the day subsequent to their Þrst copulations. Median times between copulations were short for males of all species (Ͻ2 min). Constant exposure to pheromone had no detectable effect on the activity levels of male P. ficus and P. longispinus, whereas P. viburni males exposed to pheromone emerged signiÞcantly earlier from their cocoons than control males without pheromone exposure. Constant exposure to pheromone had no effect on the longevity of males of any species compared with controls. The implications of the results of these experiments for pheromone-based methods of managing mealybugs are discussed.
Sex pheromones for many economically important mealybug species have been identiÞed over the past decade, including Planococcus ficus Signoret (Hinkens et al. 2001) ; longtailed mealybug, Pseudococcus longispinus (Targioni Tozzetti) ); obscure mealybug, Pseudococcus viburni (Signoret) (Millar et al. 2005, Millar and Midland 2007) ; and grape mealybug, Pseudococcus maritimus (Ehrhorn) (Figadè re et al. 2007 ). There is increasing interest in developing practical applications for these pheromones, including mating disruption (Walton et al. 2006) . However, before incorporating these pheromones into integrated pest management (IPM) programs, a sound knowledge of mealybugsÕ reproductive biology is desirable to properly interpret trap catch data from pheromone-baited traps and the results of mating disruption trials. Some aspects of mealybug biology suggest that these insects might be ideal candidates for pheromone-based mating disruption; for example, the nonfeeding adult males have limited energy reserves and live for only a few days. Also, female mealybugs are essentially immobile so that immigration of mated females from Þelds adjacent to disrupted blocks is of negligible concern. However, our knowledge of many of the details of the reproductive biology of mealybugs is fragmentary, even for economically important species.
The majority of mealybug species reproduce sexually by an unusual lecanoid genetic system. Males and females are diploid (typically 2n ϭ 10), but males are functionally haplodiploid in their transmission genetics (Brown and Nur 1964) . The haploid set of paternal chromosomes is heterochromatic in males and is eliminated at spermatogenesis so that sperm carry only maternal chromosomes. Thus, males only transmit the chromosomes inherited from their mothers to their offspring (McKenzie 1967 , Nur 1980 , Varndell and Godfray 1996 , Ross et al. 2010 ). There are no sex chromosomes in the more derived mealybug species; instead, in male embryos the chromosomes from the sperm that fertilized the egg condense into a heterochromatic mass, whereas this condensation does not occur in embryos that become females (McKenzie 1967 , Buglia et al. 2009 ).
There are also many mealybug species that reproduce parthenogenetically (reviewed in Nur [1971] ). For Antonina bambusae Khalid & Shafee, Phenacoccus solani Ferris, and several Trionymus spp., reproduction is thelytokous with females producing only female offspring that develop from unfertilized eggs, and with diploidy being restored later in the insectsÕ development. In contrast, females of Antonina graminis (Maskell) and Dysmicoccus brevipes (Cockerell) develop from diploid eggs, a product of meiosis when homologous chromosomes do not pair (Nur 1971) .
A more controversial area of mealybug reproductive biology has been with species that are possibly facultatively parthenogenetic. This phenomenon is known to occur in some Hymenoptera and Hemiptera that typically reproduce sexually, but in which unmated females are capable of producing viable offspring by thelytoky (Normark 2003) . Similarly, some mealybug species have been reported to be able to reproduce both sexually and asexually, including Dysmicoccus brevipes (Cockerell) (Beardsley 1965); Ferrisia virgata (Cockerell) (Padi 1997) ; Planococcoides njalensis (Laing) (Padi 1997) ; citrus mealybug, Planococcus citri (Risso) (Myers 1932 , Padi 1997 ; and Planococcus vovae (Nasonov) (Francardi and Covassi 1992) .
In contrast, studies have suggested that many other mealybug species cannot reproduce parthenogenetically. For example, in laboratory studies, unmated female citrus mealybug, longtailed mealybug, and grape mealybug produced no viable offspring (James 1937) . These results were corroborated in subsequent studies for P. citri Gray (1954) and P. maritimus (Grimes and Cone 1985) . In the latter study, some female P. maritimus did indeed produce ovisacs, but these were devoid of eggs. Another very recent study by da Silva et al. (2010) reported that P. citri, citrophilous mealybug, Pseudococcus calceolariae (Maskell), and obscure mealybug were obligately sexual in their reproduction. Females of these three species were isolated from males for 65 d, during which time no ovisacs or eggs were produced. Females were then allowed to mate, with Ͼ70% producing ovisacs with viable offspring (da Silva et al. 2010) .
In addition to sexual versus asexual reproduction, other reproductive characteristics of mealybugs also could inßuence the outcomes of pheromone-based IPM methods. Factors such as the longevity of both sexes, the lifetime fecundity of females, the sex ratio of offspring, and the ability (and possibly necessity) to mate multiple times to maximize lifetime fecundity would all affect population dynamics of mealybugs. Thus, we report here the results of a series of experiments on the reproductive biologies of three economically important mealybug species, P. ficus, P. longispinus, and P. viburni, with the goal of providing detailed life-history information of potential relevance to pheromone-based management methods. Our speciÞc objectives were as follows:
1. To describe the sequence of reproductive behaviors of males and females that culminate in copulation; 2. To conÞrm that females of all three species only reproduce sexually; 3. To quantify parameters of their reproductive behaviors, including the number of possible copulations for each sex, the periods of time that males and females were receptive to copulation, duration of copulations, and intervals between copulations; 4. To determine whether reproductive output of females was inßuenced by the number of times that they mated; and 5. To determine the possible effects of exposure to pheromone on male activity and longevity.
Materials and Methods
Mealybug Cultures. Starter cultures of P. longispinus were collected from orchids (Orchidaceae) and cycads (Cycas spp.) in San Diego, CA. P. viburni were Þeld collected from potted azaleas (Rhododendron spp.) in Riverside, CA, and P. ficus came from an established colony at the Kearney Agricultural Center in Parlier, CA. Colonies of each species were maintained on butternut squash, Cucurbita moschata Duchesne, in widely separated rearing rooms to prevent cross-contamination. Crawlers, or Þrst instars, of P. longispinus, P. viburni, and P. ficus were established on green beans (Phaseolus vulgaris L.) by placing several beans on top of the containers holding the colony and allowing crawlers to infest the beans. The beans then were held as a group in ventilated plastic containers. Crawlers were collected every 2Ð3 d, and the date of their collection was recorded to produce cohorts of known age for experiments. After a period of 2 wk, females were easily distinguished from the elongate purple-colored males (late second instars). Sexually immature females of P. longispinus and P. ficus (second and third instars) were removed from the rearing containers and placed as a group in ventilated plastic vials with fresh green beans. P. viburni females, which performed poorly on green beans, were placed as a group on seed potatoes (Solanum tuberosum L. variety Dark Red Norland) in groups of 20. Females were held in their respective containers until they sexually matured and were subsequently used in experiments. Male mealybugs of all three species spun their cocoons at the conclusion of the second instar and were isolated into ventilated plastic containers away from females to ensure that both sexes remained unmated.
Sexual or Asexual Reproduction. Immature female P. longispinus, P. viburni, and P. ficus were removed from the green beans as second or third instars and placed individually onto a piece of seed potato (Dark Red Norland) held in plastic containers (Fig. 1a) with ventilation holes covered with Þne brass screening (Þne mesh, 0.006 in opening) (McMaster Carr, Aurora, OH). The containers were kept in a rearing room on a photoperiod of 16:8 (L:D) h at 25ЊC and Ϸ50% RH.
Every 3Ð 4 d, females were inspected to determine if they were alive and whether they had produced an ovisac (P. viburni and P. ficus) or crawlers (P. longispinus is viviparous), as indicators of reproduction. Fifty-eight P. viburni, 27 P. ficus, and 50 P. longispinus females were used in total. Females were monitored until their deaths.
Mating Arenas. For studies assessing the number of possible copulations between males and females, mating arenas for all three species were constructed from a piece of yellow squash with the cut-off top of a microcentrifuge tube (0.6 ml, 7 mm i.d., without the snap cap lid; Thermo Fisher ScientiÞc, Waltham, MA) (Fig. 1b) pressed into the vegetableÕs skin. Once the insects were transferred to this arena, a glass coverslip was placed over the arena to prevent the insectsÕ escape. The squash was placed into a petri dish with water to minimize desiccation during the observational period.
All reproductive experiments were videotaped by placing each arena under a dissecting microscope connected to a camera-VHS recording system. Recordings were made for 6 h beginning between 0830 and 0930 hours (PST), after which the females and male were removed and isolated into individual chambers, with food provided for the females. Videotapes were used to quantify the duration of each mating event and the intervals between mating events.
Number of Copulations for Females During the First Day. Preliminary observations of male and female mealybugs showed that there were differences in the attractiveness of females and the receptivity of males, often delaying the start of copulation, if it occurred at all. The simplest way to ensure that copulation began quickly was to introduce multiple females and males together (three of each sex with P. longispinus) or a single female with two males (P. viburni and P. ficus). Studies with P. longispinus and P. viburni were started at 0830 hours (PST), whereas P. ficus studies were started at 0930 hours (PST). The difference in start times for these studies was attributed to failing to account for a change from PDT to PST. Once the Þrst copulation was initiated, the copulating pair was conÞned to the mating arena and superßuous males and females were removed. Arenas were checked every 15 min until 1600 hours (PST) for P. longispinus and P. viburni and 1700 hours (PST) for P. ficus. On any given day, nine to 17 replicates were set up and observed. Experiments were further replicated (10 Ð12 At every quarter hour, males that had completed copulation were removed, and depending on the stock on hand, two to three fresh unmated males were introduced into the arena. Behaviors of males and females were noted during these observation periods. After 1Ð2 h, males that remained stationary in the arena or did not mate were replaced with fresh unmated males. During this second phase of observations, the number and duration of copulations were noted.
Multiple mealybug males were introduced to virgin females in quick succession only on the Þrst day of the study (or day 0) because 100 Ð150 virgin males were required for the 7.5-h period, which depleted the available supply of males.
Copulations for Females on Successive Days After an Initial Copulation. Every morning for three consecutive days after the start of the experiment, two unmated male mealybugs were introduced into an arena with a previously mated female at 0830 hours (PST). Arenas were observed and behaviors of males were noted (see below) every 15 min until 1000 hours (PST) when males were removed. After 3 d, two males were introduced to the arenas every other morning until females began producing crawlers (P. longispinus) or eggs (P. viburni and P. ficus). Observations were made of the behaviors of both females and males. Behaviors of males were categorized as walking, arrestment (cessation of all movement within arena, antennae and legs tucked next to malesÕ bodies), investigating the female (walking on and antennating the dorsal and ventral surfaces of females), attempting copulation (probing the femaleÕs posterior, sides, or anterior with the aedeagus), and mating (full insertion of aedeagus). The proportion of males engaging in each behavior was noted at each time point, rather than the duration of each behavior. Behaviors of females were most often observed when males were attempting copulation. These behaviors included downward movement of the abdomen away from the maleÕs copulatory parameres; walking around the arena with the male on her dorsum; or if receptive, raising the posterior to allow the male access to her genitalia. All copulations were noted. Males were introduced into the arenas until females began producing crawlers (P. longispinus) or eggs (P. viburni and P. ficus).
Fecundity of Females With Multiple Copulations.
Females of all three species were checked daily for signs of reproduction (crawler or ovisac production). Once crawlers or ovisacs appeared, they were counted and removed from the arena. Females were examined for crawlers and eggs every 3Ð7 d, depending on the number of females producing offspring at one time. Toward the end of reproduction, the number of crawlers and eggs declined, and weekly counts of mealybug offspring were sufÞcient. Females were removed from degrading squash every 5Ð7 d and placed into arenas composed of fresh squash (Cucurbita sp.).
Fecundity data were analyzed using SAS version 9.1.3 (SAS Institute, Cary, NC). The relationships between egg counts (P. viburni and P. ficus) or crawler counts (P. longispinus) and the total number of copulations over time for each female were determined (PROC REG) for each species (three regression lines). Data were square root (x ϩ 0.5) transformed for P. ficus and P. longispinus to satisfy assumptions of variance homogeneity and normality. A lack of Þt test for all species demonstrated that the assumption of a linear relationship was met between reproductive output and number of copulations.
Male Copulatory Characteristics. Experiments were conducted to determine whether male mealybugs were capable of multiple copulations. For each species, eight unmated females from the same crawler cohort (same age) were placed into a mating arena. An unmated male mealybug was selected at random from a pool of newly active males and placed into the arena with the females. In total, 25 male P. longispinus, 23 male P. viburni, and 25 male P. ficus were tested. Due to developmental differences, females from different species were of different calendar ages but were of the same developmental ages when these studies were conducted (median age of females: P. longispinus, 27 d; P. viburni, 31 d; and P. ficus, 23 d) .
A percentage of the P. viburni (17%) and P. ficus males (56%) survived the Þrst day of mating and were introduced into a new arena the following day with a new cohort of females. Because P. viburni females were challenging to rear (their development was inconsistent once they were isolated from males), there often was not a sufÞcient quantity of females to mate with male P. viburni, allowing only four male P. viburni to be evaluated the day after their initial copulations. P. ficus males consistently survived the Þrst day of mating, and females were readily available, with 14 males evaluated again. P. longispinus males rarely were alive the following morning (eight individuals) and were not introduced to additional females.
Before making observations, the eight females were marked with food coloring by using a camelÕs-hair brush. This aided in the identiÞcation of individual females while viewing videotapes and in monitoring the females after recording to check for the production of crawlers or an ovisac.
Activity and Longevity of Male Mealybugs Constantly Exposed to Pheromone. Male mealybugs were isolated individually at the end of their second instar into 3.7-ml shell vials containing a tissue paper disc (Kimwipes, Kimberly-Clark, Roswell, GA) to provide a shelter under which to spin a cocoon. The developmental status of each male was checked daily. Once males had developed fully expanded wings while inside their cocoon, they were randomly assigned to a pheromone treatment or a blank control. Treatment containers were wide-mouth canning jars (7.5 by 12 cm, 470 ml), with two pieces of paper towel balled inside. Pheromone treatments consisted of gray rubber septa (11 mm; The West Company, Lititz, PA) impregnated with 25 g of each speciesÕ pheromone, with solvent-treated septa used as controls. The jars were placed in a fume hood, with treatment and control jars separated by 1 m. Fume hood temperatures were 20.8ЊC for the P. longispinus and P. viburni experiments and ranged between 22.3 and 22.9ЊC for the P. ficus experiment. Experiments were conducted under natural light. Newly eclosed males were continually added to either treatment or control jars when vials were checked twice daily (0900 and 2100 hours). Replicates were individual males. The activities of males were recorded at each observation period including: signs of emergence (male away from cocoon), resting (no movement within vial), walking (actively moving within the vial), or death. The length of time between eclosion and emergence from cocoons (activity) and male longevity were recorded.
Differences in activity and longevity between control and pheromone treatments were analyzed by ttests using SAS version 9.1.3 (SAS Institute) in PROC TTEST. Male mealybugs were exposed to pheromone (25 g) or the control for their entire adult life (Ͻ5 d). Replication was as follows: P. longispinus: control (C) ϭ 32 males, pheromone (P) ϭ 33 males; P. viburni: C ϭ 22 males, P ϭ 25 males; and P. ficus: C ϭ 39 males, P ϭ 40 males. If the test demonstrated that population variances were homogeneous between the two treatments, the TTEST output labeled "equal" was used (for pooled variances). Otherwise, for heterogeneous variances between treatments, the TTEST output labeled "unequal" was used.
Results
General Description of Mating Behaviors. The reproductive behaviors of these three study species were similar to those previously documented for P. citri (Moreno et al. 1984) . When males and females were conÞned in mating arenas, female mealybugs walked occasionally but were mainly sessile. In contrast, males walked until they encountered a female, at which point they climbed onto and walked back and forth over the female while occasionally antennating her, followed by vigorous probing with the genitalia around the femalesÕ body margin. Males that began probing in areas away from the femalesÕ genitalia would gradually move toward the posterior. A receptive female apparently sensed the presence of the male (either actively probing her or simply walking over her back) and raised the tip of her abdomen to allow the male access to her genitalia. Males would then rapidly couple with the receptive females and remain in copula for periods of several minutes (see below). Behavior of males during these observational periods was categorized as walking or resting (noncopulatory behavior), and assessing, probing, or mating (copulatory behavior).
During mating studies between previously mated females and virgin males, females sometimes were unreceptive to copulation attempts by males. However, a male rarely left a female once he had started probing her body margin (probing continued for up to 75 min, personal observations). For reasons that are unclear, some males remained inactive despite the fact that females were clearly producing pheromone and attractive, as demonstrated by the active searching and mating attempts exhibited by the other male in the arena. Males in the arenas never attempted to ßy in the presence of females.
An additional behavioral component observed with P. longispinus and P. viburni occurred before males initiating copulatory attempts. Males were observed standing on the posterior half of the femaleÕs dorsum and then curving their bodies around the side of the female with their heads beneath her ventral side. This behavior was termed "assessing." P. ficus males rarely exhibited this behavior. Upon introducing P. ficus males to the mating arena, they immediately approached a female and began copulatory attempts, often initially probing the femaleÕs head. In contrast to the behaviors of male P. citri described by Moreno et al. (1984) , males of any of these three species did not extensively antennate females before initiating mating attempts.
Sexual or Asexual Reproduction. Our results conÞrmed that female P. longispinus, P. viburni, and P. ficus must copulate to reproduce. Interestingly, 54 of the 58 unmated P. viburni females (93%) used in the experiment did produce an ovisac, but the ovisacs contained no eggs. Nineteen of the 27 unmated P. ficus females also produced ovisacs, two of which did not contain eggs. The remaining 17 ovisacs contained an average of 24.9 Ϯ 5.6 eggs, but these eggs were often obviously deformed, and crawlers never emerged. Females in these experiments lived a remarkably long time. From when they were collected as crawlers, unmated female P. longispinus, P. viburni, and P. ficus survived for means of 137.7 Ϯ 3.4, 105.4 Ϯ 2.7, and 93.6 Ϯ 2.9 d, respectively. Unmated P. viburni females produced an empty ovisac on average 75.4 Ϯ 2.5 d after they were collected as crawlers, whereas half of the P. ficus females that produced an ovisac did so between 59 and 69 d after they were collected as crawlers. Female P. longispinus that had free access to males usually began producing crawlers 37Ð 41 d after they had been collected as crawlers, and mated female P. viburni and P. ficus began producing ovisacs 34 Ð 43 d and 32Ð 40 d, respectively, after their collection as crawlers.
Number of Copulations for Females.
Females of all three study species mated multiple times in a single day (Fig. 2aÐ c) . P. longispinus females had the fewest copulations during the Þrst day of mating (mean, 2 copulations; range, 1Ð 4), whereas P. viburni females mated most frequently (mean, 5.3 copulations; range, 1Ð 8). P. ficus females mated an average of three times (range, 1Ð 8 copulations).
Copulations for Females on Successive Days After the First Day of Mating.
Female mealybugs of all species mated again on days subsequent to their Þrst copulations (Fig. 3aÐ c) . Half of the 31 P. viburni females mated again the day after the Þrst copulations, and the number of females that mated again 2, 3, and 5 d after the Þrst day of mating declined (two, one, and one female during each morning, respectively). Further matings were not attempted with P. viburni, because females began producing ovisacs on day 4. In contrast, female P. ficus and P. longispinus did not mate again until day 2, and the pattern of remating was different. With P. longispinus females, relatively low levels of subsequent mating (one to Þve females per day, out of the 29 females) occurred up to 23 d after the Þrst mating. P. longispinus females exhibited the longest period between mating and reproduction (Þrst crawlers produced 26 d postmating), hence the extended period for introducing new males. With P. ficus, no females mated again on the day after the Þrst copulation, but zero to two females (out of 30 total) mated again up to 11 d after the Þrst mating. The Þrst ovisac was produced on day 9, but the majority of P. ficus females did not start producing ovisacs until days 14 Ð17. Overall, these results demonstrate that females of all three species can copulate multiple times over several days.
The behavior of virgin males, such as assessing or probing mated females, indicated that many males were attracted to previously mated females for several mornings (Fig. 4aÐ d) . The changes in the patterns of behavior of males over successive days are shown in Fig. 4aÐ d. As days progressed, males exhibited less copulatory behavior and more walking or resting behaviors (compare 4a with 4d). There were species differences at 9 d (Fig. 4d) ; all of the P. viburni males were resting and showing no interest in the mated females, whereas on the same day and time, a minority of P. ficus males still exhibited courtship behaviors (Fig. 4d) .
Fecundity of Females With Multiple Copulations. There was no relationship between reproductive output (egg or crawler abundance) and total numbers of copulations (Fig. 5aÐ c) (P. longispinus: F ϭ 0.83, df ϭ 1, 26, P ϭ 0.37; P. viburni: F ϭ 0.27, df ϭ 1, 29, P ϭ 0.61; and P. ficus: F ϭ 3.2, df ϭ 1, 28, P ϭ 0.08).
Male Copulatory Characteristics. When presented with an excess of females, male mealybugs of all three species mated multiple times within a single 6-h observation period (Figs. 6aÐ c and 7) . P. ficus males had the highest frequency of mating (day 1 mean copulations, 9.6 Ϯ 0.6; range, 6 Ð19). P. longispinus and P. viburni males mated an average of 5.8 Ϯ 0.3 (range, 3Ð9) and 4.6 Ϯ 0.7 (range, 1Ð11) times on day 1, respectively ( Fig. 7) . Durations of copulations for male mealybugs tended to be longest for the Þrst copulation with median times of 28, 13, and 3 min for P. longispinus, P. viburni, and P. ficus, respectively. Median copulation times, overall, were longest for P. longispinus followed by P. viburni and P. ficus. Of the four male P. viburni that were recorded on the second day, all mated readily with more females (Fig. 7) . Fourteen of 25 male P. ficus survived to day 2 and were placed in arenas with eight virgin females, and all mated multiple times ( Fig. 7; Table 1 ). Overall, the mean number of copulations for P. ficus was less (mean, 5.6 Ϯ 0.5 copulations; range, 3Ð9) than the Þrst day, but two of the 14 males did mate nine times each ( Fig. 9a ; Table 1 ). Male P. ficus mated a mean of 15 times over 2 d, four more copulations than males that were recorded for 1 d (Table 1) . Median copulation length was also much longer on the second day for P. ficus than the Þrst (Figs. 6c and 9a) .
The median refractory period between copulations for males of all species was short (Ϸ1Ð20 min), especially for the earlier copulations (Fig. 8aÐ c) . P. ficus males typically had the shortest periods between copulations (Ϸ1Ð16 min). During the second day that P. ficus males were mated, the median time between copulations was also short, with Ͻ5 min elapsing between each of the Þrst six copulations (Fig. 9b) .
Activity and Longevity of Male Mealybugs Constantly Exposed to Pheromone. Contrary to our hypothesis that constant exposure to pheromone would result in males detecting pheromone and emerging from their cocoons earlier to locate mates, constant exposure to pheromone had no effect on the time taken for male P. longispinus and P. ficus to emerge from their cocoons and become active (P. longispinus: t ϭ 0.89, df ϭ 63, P ϭ 0.38; and P. ficus: t ϭ Ð 0.71, df ϭ 77, P ϭ 0.48) (Fig. 10) . Male P. viburni did become active signiÞcantly sooner than control males (t ϭ 3.52, df ϭ 25.6, P ϭ 0.002) (Fig. 10) . There were no differences in longevity between males with or without exposure to pheromone for any of the three species (P. longispinus: t ϭ 0.27, df ϭ 63, P ϭ 0.79; P. viburni: t ϭ 1.57, df ϭ 45, P ϭ 0.12; and P. ficus: t ϭ 1.44, df ϭ 77, P ϭ 0.15) (Fig. 11) . Male P. ficus lived the longest of the three species after eclosion (Ϸ4.5 d) (Fig. 11) .
Discussion
Sexual or Asexual Reproduction. Our results conÞrmed that females of all three species only reproduce sexually, with no viable eggs or crawlers being produced by unmated females. These results concur with previous work with P. longispinus (James 1937) and P. viburni (da Silva et al. 2010) . Similarly to da Silva et al. (2010) , P. viburni females in our study produced ovisacs, but eggs were never observed. Also, more P. viburni females in our study formed an ovisac (93%) than in the study of da Silva et al. (2010) (54%). To our knowledge, no other studies of sexual versus asexual reproduction have been reported for P. ficus. Overall, the results of the studies presented here, in combination with the fact that females of all three study species produce highly attractive sex pheromones to attract males, provides convincing evidence that reproduction by parthenogenesis does not occur in any of these species.
Production of an ovisac with viable eggs clearly has a major cost because females of all species died fairly soon after egg sacs or crawlers were produced. In contrast, the life spans of unmated females were surprisingly long, as had been observed previously with virgin P. citri females that survived for nearly eight months after reaching maturity (James 1937) . Rotundo and Tremblay (1980) also noted that unmated female P. citri and Pseudococcus calceolariae (Maskell) continued to produce pheromone until they were mated.
It is not known why females of the three species varied in their responses to not being mated, with virgin female P. longispinus (that bear live young) producing nothing at all, whereas almost all the virgin female P. viburni produced an empty ovisac, and the majority of virgin female P. ficus produced an eggsac containing a few nonviable eggs. In the latter case, it seems unlikely that the nonviable eggs were being dumped to make room for fresh eggs because in the related species, P. citri, it has been shown that the ovarioles of unmated females eventually begin to be reabsorbed or to decay (Nelson-Rees 1961) .
Number of Copulations for Females. For all three species investigated, at least some females remated on one or more days after their Þrst copulation. P. viburni females were most promiscuous, with half of the mated females mating again the morning after the Þrst copulation(s) (Fig. 3b) . Additional matings for females of the other two species occurred two mornings later at the earliest and were more dispersed across time (Fig. 3a and c) . Copulations decreased and stopped altogether as females began to reproduce. The fact that male mealybugs were attracted to previously mated females suggests that these females were still releasing pheromone, were contaminated with sufÞcient amounts of pheromone to elicit responses from males, or that hormonal substances transferred to females to induce them to begin production of eggs and/or to become refractory to further mating attempts do not take effect immediately. The latter possibility seemed less likely because even though mated females of all three species apparently remained attractive to males, these females were generally unwilling to mate, and males were rarely successful in copulation. Nevertheless, copulation clearly triggers physiological changes in females because mated females produced ovisacs much sooner than unmated females.
Fecundity of Females Mated Multiple Times. Overall fecundity for the three species was lower than what has been previously reported. For example, Bartlett (1978) described P. longispinus and P. viburni producing 200 Ð300 crawlers and up to 500 eggs, respectively. The lower fecundity observed in our studies may have been due to suboptimal diet (females in these experiments were maintained on pieces of yellow squash) or to trauma from frequent handling because females were transferred to fresh pieces of squash every 5Ð7 d. We also found no relationship between reproductive output and the number of copulations, suggesting that sufÞcient sperm are transferred during a single copulation to inseminate all of the femaleÕs eggs. These results, coupled with the lecanoid type genetic system in which the male genome is eliminated, make it dif- Þcult to understand why females indulge in polyandry at all. Male mealybugs are known to possess selÞsh genetic elements that result in reduced sperm production (Nur 1966) , and so females may compensate by mating multiple times. However, because there is nothing known about possible sperm precedence or postcopulatory mechanisms that might be used by female mealybugs to select sperm from speciÞc males, such explanations are entirely speculative. Furthermore, it is likely that the polyandry observed in our experiments was to some degree an artifact of the conÞned mating arenas that were used. Under natural conditions, polyandry may be considerably less common than was observed in our laboratory studies. Nevertheless, the main point of these experiments remains clear, that is, that female mealybugs can and will mate multiple times, with the same or with different males.
Male Copulatory Characteristics. During the 6 h that males were held with eight virgin females, males of all three study species mated multiple times. James (1937) had documented previously that male P. longispinus mated with an average of 8.2 females (maximum, 20 copulations) and that male P. citri mated with a mean of 9.1 females (maximum, 23 copulations). In our studies, males frequently mated more than once with some females; for example, one P. ficus male mated 19 times during the 6-h test period so that at least some of the eight females present must have been mated by him multiple times.
Median copulation times were typically short for P. ficus (Ϸ3 min), somewhat longer for P. viburni males (Ϸ13 min), and nearly 30 min for P. longispinus. Nur (1962) observed a similar duration of copulation for P. viburni (10.1 min; range, 6 Ð18 min). It is not clear why there are species level differences in the durations of copulations. Physiologically, there may be differences in the rates of sperm transfer in these three species. For example, 1Ð2 min after copulation was initiated between P. viburni adults, sperm bundles were already present in the spermatheca and its duct or in the common oviduct and ovarian junction (Nur 1962) . P. ficus sperm transfers must necessarily have occurred Fig. 7 . Mean number of copulations per male during 6 h for the Þrst and second days that males were exposed to eight virgin females. Only eight P. longispinus males were alive on the second morning so this species was not included. quickly because copulations only lasted for a median of 3 min. During the Þrst day of copulations, refractory periods between copulations were brief for all species, indicating that male mealybugs can copulate with multiple females rapidly to maximize their reproductive output.
However, for the P. ficus males that were exposed to a new group of females on mornings subsequent to the initial copulations, the median durations of copulation were much longer, and males mated fewer times than on the Þrst day (maximum of nine). One or both of these may be a result of the depletion of sperm and energy reserves in these males that had already mated multiple times the day previously.
Longevity of Males Constantly Exposed to Pheromone. Contrary to our expectations, exposure to pheromone had surprisingly little effect on the initiation of male mealybug activity. Because the lifetimes of males are severely restricted by their limited energy reserves carried over from the pupal stage, we had predicted that adult males exposed to pheromone would leave their cocoons more quickly than unexposed males. Control males and males of P. longispinus and P. ficus that were exposed to pheromone all became active at approximately the same time. Exposure to pheromone did seem to have some effect on P. viburni males, which became active Ϸ9 h sooner than controls when exposed to pheromone. The relatively small effect of pheromone on the initiation of male activity may be due to the fact that male mealybugs have an obligatory sexual maturation period after eclosing to the adult stage. For example, when P. viburni males were dissected immediately after eclosion, their testes were not mature (Nur 1962) . Thus, the initiation of male activity may be controlled by physiological development rather than the detection of female sex pheromone.
We also had predicted that males exposed to pheromone would exhibit higher overall activity levels as they searched for the females whose putative presence was signaled by the pheromone, and consequently, that they would die sooner than control males. However, our experiments showed that the presence of pheromone had no discernible effect on the life spans of males of all three study species. One possible explanation for these results is that constant exposure to pheromone may have resulted in habit- 11 . Longevity of male P. longispinus, P. viburni, and P. ficus in the presence (white bars) or absence (black bars) of pheromone. There were no signiÞcant differences between the treatments or controls for any species. uation or desensitization, so that males ceased responding, particularly because the dose of pheromone (12.5 g of the active stereoisomer) was relatively high. That is, our Þeld experiments have shown that this dose of pheromone on a rubber septum lure is an effective attractant for male mealybugs for a period of several months. Thus, males may simply have been overwhelmed by the concentrations of pheromone in the closed conÞnes of the jars used in these experiments.
P. ficus males tended to live the longest (Ϸ4.5 d) regardless of treatment. This was in accord with the mating experiments described above, in which P. ficus males were often alive the day after the Þrst mating bouts, and these experienced males courted and mated vigorously with virgin females. P. viburni males tended to live longer than P. longispinus males, with some P. viburni males still alive on mornings after initial copulations.
Implications for Use of Pheromones in Management of Mealybugs. Overall, our results have a number of positive and negative implications for the possible use of pheromones in mealybug management. First, the fact that females of all three species must mate to reproduce is a major advantage; the efÞcacy of pheromone-based mating disruption cannot be compromised by unmated females still producing offspring in areas under treatment. Thus, the efÞcacy of the strategy will depend only on how effectively the pheromone treatment disrupts the ability of males to Þnd females and the efÞcacy of the pheromone coverage of the crop. In contrast, the fact that individual males of all three species can mate numerous times, either on the same day or on successive days, is a serious disadvantage for mating disruption, mass trapping, or attract-and-kill strategies, because even a relatively small number of males can mate with essentially all the available females. This disadvantage is further compounded by two other points. First, our results showed that a single copulation is sufÞcient for females to maximize their lifetime reproductive output. Second, unmated females lived for a remarkably long time, and the period in which they could mate and successfully produce offspring extended over many weeks. Thus, with sexually mature females continually advertising their presence for many weeks, mating disruption treatments would have to remain completely effective for long periods with no breaks in coverage. This in turn might require repeated applications of the pheromone treatment which would substantially increase control costs.
However, the fact that females mated several times, both on the same day and on days after the initial mating, suggests that previously mated females might act as a sink for male mating efforts. That is, because multiple matings did not increase reproductive output by females in terms of overall population increase, in this context copulation with a previously mated female may be wasted effort, although it may increase an individual maleÕs reproductive output if mechanisms such as sperm precedence are operative.
Finally, it was disappointing to Þnd that exposure to pheromone had little apparent effect on the maturation or longevity of male mealybugs. We had hypothesized that exposure to pheromone would shorten male lifetimes through increased male activity and accelerated use of their limited energy reserves, so that males in an area treated with pheromone would be removed from the system more quickly, but this proved not to be the case. Thus, pheromone deployed for mating disruption may effectively disrupt mate location by males, but it will have no "bonus" effect by decreasing male longevity. However, these experiments were conducted in the laboratory, and under Þeld conditions, males may take more time to successfully locate females, effectively shortening the period during which they are reproductively active.
Pheromone-based mating disruption of P. ficus has been tested (Walton et al. 2006) and is now being implemented on thousands of acres of California vineyards by using commercially available dispensers (Suterra LLC, Bend, OR). However, at present the sex pheromones of P. longispinus Millar 2009, 2010) and P. viburni (Millar et al. 2005, Millar and Midland 2007) are only available in gram quantities at considerable expense. Although the pheromones of all three species will be valuable tools for detection and monitoring, mating disruption of the latter two species cannot be contemplated unless economical and large-scale syntheses of their pheromones can be developed.
